When a system undergoes a transition from a liquid to a solid phase, it passes through multiple intermediate structures before reaching the final state. However, our knowledge on the exact pathways of this process is limited, mainly due to the difficulty of realizing direct observations. Here, we experimentally study the evolution of symmetry and density for various colloidal systems during liquid-to-solid phase transitions, and visualize kinetic pathways with single-particle resolution. We observe the formation of relatively-ordered precursor structures with different symmetries, which then convert into metastable solids. During this conversion, two major cross-symmetry pathways always occur, regardless of the final state and the interaction potential. In addition, we find a broad decoupling of density variation and symmetry development, and discover that nucleation rarely starts from the densest regions. These findings hold for all our samples, suggesting the possibility of finding a unified picture for the complex crystallization kinetics in colloidal systems.
Introduction
Crystallization is an important process in condensed matter physics and materials science.
As liquid changes into solid, evolutions in both symmetry and density take place. However, the exact kinetic pathways across the liquid-to-solid transition remain as a focus of debate, with no unified picture up to date. Although the classical nucleation theory (CNT) provides a nice framework for understanding crystallization, it has been well recognized that it does not properly describe all aspects of the nucleation process. In the CNT description, the crystallization kinetics proceeds as nucleation and growth of nuclei: small crystals, which have the same symmetry and density as the stable solid, directly emerge from liquid through spontaneous density fluctuation. By contrast, however, previous studies find rather different results: multiple metastable solids that may differ from the stable solid are observed, with one dominant component prevailing in the nucleation process [1, 2] . More specifically, the body-centered cubic (BCC) symmetry dominates the early crystallization in Lennard-Jones and other soft-potential systems [3] [4] [5] [6] [7] [8] ; while the random hexagonal close-packed (RHCP) structure makes the dominant metastable solid in hard-sphere systems [9] [10] [11] [12] [13] (RHCP is a mixture of face-centered cubic (FCC) and hexagonal close-packed (HCP) structures). The kinetic origin of these metastable solids, especially of the dominant component, is currently an outstanding issue requiring experimental elucidation.
Correspondingly, the density variation accompanying such symmetry transformation remains unclear. The traditional view of CNT indicates a simultaneous density and symmetry variation within one step; while recent simulations suggest the possibility of either a twostep variation where densification precedes order construction [14] , or a gradual transition in both symmetry and density driven by the bond order fluctuation [15, 16] . The exact densitysymmetry correlation depends on the kinetic transformations among different intermediate structures which can be best clarified with single-particle level experiments.
The missing of kinetic information also prevents a clear understanding on the liquid state immediately before crystallization. Unlike the conventional picture of a uniformly disordered liquid state, numerical simulations suggest the existence of relatively-dense or relativelyordered liquid structures serving as precursors of nuclei [14] [15] [16] [17] [18] [19] [20] , which may account for an intermediate crystallization step [21] [22] [23] [24] . However, the entire picture is far from clear. How does liquid pass through the precursor state to become metastable solids remains a big mystery -even the direct observation of precursors in three-dimensional (3D) real space is still missing. To tackle this mystery, illustrating the crystallization kinetics again plays an essential role.
In this study, we report single-particle level measurements on the kinetics of 3D colloidal crystallization, for both symmetry and density transformations. To dig out the universal kinetics, extensive studies across different final states and interaction potentials are performed. Colloidal systems are used due to their similar phase-transition behaviors as atomic and molecular systems, while their large particle sizes enabling single-particle level visualization [12, [25] [26] [27] [28] [29] [30] [31] [32] . We directly observe relatively-ordered liquid structures behaving as precursors, out of which small nuclei emerge. These precursors exhibit local orders close to HCP, BCC and FCC symmetries, and subsequently convert into these metastable solids.
During this precursor-to-solid conversion, interestingly, two major cross-symmetry pathways are universally observed: (1) HCP-like precursors to BCC metastable solid and (2) HCPlike precursors to FCC metastable solid. These major pathways could explain the kinetic origin of the dominant metastable solid. In the density evolution, we surprisingly discover a strong decoupling between density variation and symmetry development, and demonstrate that initial nucleation rarely starts from the densest regions of our samples.
Our system is made up of poly(methyl methacrylate) colloids with diameter σ = 2.2µm and polydispersity less than 2.5%, suspended in a density and refractive index matched solvent. The particles carry charges and form Wigner crystals at low concentrations [33, 34] . We fix the sample concentration at 17% which avoids particle-particle contact and ensures soft-repulsive potential (see "Methods"). By tuning the Debye screening length, κ −1 , and the surface charge, Z, we can obtain BCC-stable and FCC-stable crystals respectively [33, 35] . The phase diagram is shown in the Supplementary Information (SI, Fig.SI-1A ). The adjustable stable states offer the opportunity to study kinetic pathways for various transition situations. We shear melt colloidal crystals and record the re-crystallization process immediately after agitation, at the supercooling of ∆T = T m −T = 0.2T m ∼ 0.4T m , with T m being the melting temperature (see "Methods").
Three symmetries in precursors and nuclei
By inspecting the local bond order parameters (shown later), we can specify highly-ordered [14-17, 19, 20] .
To characterize the local order of any particle i, we measure its local bond order param-
, and the coarse grained bond order parameters, q l (i) = (
more information) [36] [37] [38] . Good statistics is obtained by locating over 2 × To verify our symmetry analysis, we plot the radial distribution function, g(r), for the three types of nuclei symmetries in Fig.1G : all peaks match precisely with the ideal crystals, confirming the validity of our bond order analysis (note that HCP and FCC have similar g(r) as expected). Moreover, we find a good match in the main peaks between the precursors (Fig.1H ) and the corresponding nuclei ( Fig.1G ), confirming their underlying structural connection. Because of this structural similarity, the existence of precursors at the liquid-solid interface may dramatically reduce the interfacial tension and promote the rate of nucleation [12, 15] . A small surface tension is also consistent with the ramified nuclei profile observed in the early crystallization stage both in this experiment (see Fig.1A and Fig.1B as an example) and in the previous study [12] .
In addition, we clarify one important point: the local order in precursors revealed by us is quite short-ranged, typically extending only to the first shell (the central particle plus its neighbors). When longer ranges are involved, however, the bulk phase of precursor clusters is quite amorphous, due to the mixing and interfering of multiple components (see Fig.2A ). In comparison to the previous studies, our precursor definition is similar to the one by Kawasaki et al [15] ; but is probably only part of the precursors defined in some other studies [17, 18, 20, 22] , which may also contain a truly amorphous fraction. To study this truly amorphous fraction, dynamic investigations regarding the lifetime of dense amorphous clusters would be needed. In conclusion, the precursors in our study exhibit multiple local orders at short-range, but are amorphous at intermediate and long ranges (see more details in SI, session IIC, page 10-15).
Kinetic pathways during precursor-to-solid conversion
Our experiment confirms the existence of precursors, which exhibit various symmetries and convert into different metastable solids. However, the symmetry transformation during the precursor-to-solid conversion requires further illumination. To visualize the process, we color the three symmetries differently and demonstrate their evolutions in Fig.2A -C (movie S2):
at the very beginning in Fig.2A , the HCP symmetry (nuclei + precursors, purple spheres)
dominates the other two, while the BCC symmetry (red spheres) catches up around the critical nuclei size in Fig.2B , and later dominates the system (see Fig.2C ). This particular sample eventually develops into a BCC crystal.
The system evolves from HCP-dominant to BCC-dominant, indicating transformations across different symmetries. To figure out the transformation pathways, we track the relative fractions of different symmetries with respect to time, for both precursors and nuclei.
The typical result for a BCC-stable system is demonstrated in Fig.2D : for all three symme- More interestingly, cross-symmetry pathways previously never reported also appear. Two strong pathways from HCP-precursors to BCC-nuclei and FCC-nuclei are revealed in the second row, consistent with Fig.2D and Fig.2E . At the same time, two weak pathways from BCC-precursors and FCC-precursors to HCP-nuclei are also found, although overwhelmed by the effect from the two strong ones just mentioned. For the interaction between BCC and FCC symmetries, there is essentially no pathway during the conversion. These kinetic 6 pathways are universally observed in all our soft-repulsive systems.
In soft-repulsive systems, we observe dominant HCP-like precursors initially [15, 16] , which can subsequently convert into BCC and FCC nuclei via two cross-symmetry pathways.
However, the pathway to BCC-nuclei is much more significant, as demonstrated by its much stronger magnitude (see Fig.2F , 2nd row, the leftmost image compared with the rightmost image). Correspondingly, BCC-symmetry dominates the early metastable solid phase in both our soft-repulsive samples and the systems previously studied [2] [3] [4] [5] [6] [7] . Therefore, we propose that the dominant cross-symmetry pathway probably leads to the dominant metastable solid in early crystallization. To further test this scenario, we perform the same measurements in hard-sphere systems, whose dominant metastable solid is RHCP (mixture of FCC and HCP) instead of BCC [12, 13] . As expected, the dominant pathway changes Besides the conversion within the same symmetry, interestingly, cross-symmetry pathways also exist: there are two major ones from HCP-like precursors to BCC and FCC nuclei, and two minor ones from BCC-like and FCC-like precursors to HCP nuclei, as represented by the solid and dashed lines respectively. The effect of major pathways overwhelm the effect of minor ones. Eventually all metastable solids evolve into the stable solid [39] .
Density-symmetry correlation
In the process of crystallization, the establishment of crystalline order is naturally accompanied by density change. We illustrate their correlation by directly measuring the variation of local density with respect to the development of local order. The local density, ρ, is determined by the Voronoi diagram; and the local order is quantified by the solid bond number, ξ (see SI for the exact definition). Typically a larger ξ indicates a better crystalline order.
Good statistics is obtained from measurements over 10 6 particles in the early crystallization stage (solid fraction ∼ 5%). At each solid bond number, we obtain the average local density 7 and illustrate their correlation in the ρ-ξ plot.
A typical ρ-ξ dependence is shown by the solid symbols in Fig.3A for a BCC-stable system.
Clearly there exists a density plateau over a broad range of local order, 3 ≤ ξ ≤ 10, indicating very little density change against a significant development of order. In particular, across the hatched area of liquid-solid boundary (6 ≤ ξ ≤ 8), ρ does not experience any abrupt increase, in sharp contrast to the density jump described in the classical nucleation theory. Significant densification only occurs at either quite early (ξ < 3) or rather late (ξ > 10) stages of local order construction, and corresponds respectively to the initial formation of precursors and the final perfection of local order. We note that particles with 3 ≤ ξ ≤ 6 largely overlap with the precursor particles defined previously (see their similar g(r) in Fig.SI-6 ). Consequently, our experiment reveals a rather complex three-stage correlation for density and symmetry development: initially they grow simultaneously during the formation of precursors (ξ < 3), followed by a decoupling plateau throughout precursor-to-solid conversion (3 ≤ ξ ≤ 10), and then reappears the simultaneous growth for the final perfection of local order (ξ > 10).
This three-stage trend has never been reported previously and requires further theoretical Moreover, before the order is fully constructed, the 14-neighbor branch is always below the 12-neighbor one, indicating a lower density for the BCC-like structure. Since we observe a major pathway from HCP-like precursors to BCC nuclei in the soft-repulsive systems, it indicates a conversion from the high-density branch to the low-density one. This conversion apparently lowers the high-density branch, raises the low-density one, while keeps the average density largely unchanged, as revealed by the plateau of solid symbols. Similar results are also observed in the FCC-stable systems shown in Fig.3B , except with two minor differences:
(1) there is a sharper density increase after the plateau, and (2) the fully developed FCC crystal (i.e., the end point of upper branch) is denser than the BCC counterpart (i.e., the end point of lower branch) while the opposite is true in Fig.3A .
Over a broad range of order construction, a decoupling plateau between density variation 8 and symmetry development is observed, especially at the liquid-to-solid transition boundary (6 ≤ ξ ≤ 8). Such discrepancy with the classical picture is even more apparent when we compare the spatial distributions of ξ and ρ in the early crystallization stage: very little correlation is found between the nucleation events indicated by ξ in Fig.3C and the dense regions specified by ρ in Fig.3D . The densest regions (ρ > 1.02, orange areas) are significantly denser than the nuclei (ρ ∼ 1.01), and appear mostly at disordered locations. At the same time, the local density fluctuations in both space and time are more than 5%, much larger than the density mismatch between liquid and nuclei (1% ∼ 2%). To further test this result, we plot the spatial distribution of local bond order, q 6 , in Fig.3E , and again find very little correlation with the density plot in Fig.3D . These results unambiguously demonstrate that nucleation events do not start from the densest regions, in sharp contrast to the conventional picture of nucleation. However, the similarity between Fig.3C and Fig.3E indicates a strong correlation between the nucleation events and the local bond order [15, 16] .
Discussions
One important question remains unclear: why the HCP-like precursors dominate initially?
We believe it is due to the common feature of tetrahedra clusters adjacent by faces, which widely appear in both the disordered liquid [40] and the HCP-like precursors. This structural similarity makes the transformation to HCP-like precursors a major first step. Subsequently, the local HCP-like symmetry converts into other symmetries via slight deformations: a shear parallel to the hexagonal plane can result in FCC symmetry while an in-plane compression (or stretch) may lead to BCC structure. Both approaches only involve locally small movements with little energy cost, while they produce significant changes in symmetry. The underlying inhomogeneous stresses may come from the surface tension of ramified liquidsolid interfaces, as supported by the observation that symmetry conversion mainly occurs at this interface. However this picture is largely qualitative and calls for further study.
Moreover, the density fluctuations at single particle level exceed the liquid-solid density mismatch substantially, implying that local structures can easily fluctuate in and out of the solid density. Combining with the observation that nucleation rarely starts from the densest regions, we suspect that density fluctuation may not be the main driving factor for our crystallization process; instead the local bond order fluctuation could be a reasonable candidate [16] . Illustrating these emerging questions should shed new light on the conven-9 tional picture of crystallization. and the 12-neighbor branch (HCP and FCC). At low ξ there exists a large gap between the two branches, which diminishes with the increase of order. Before the order is fully constructed, the 14-neighbor branch is always below the 12-neighbor one, indicating the lower density of BCC structure. However, eventually the 14-bond (BCC) crystal becomes denser than the 12-bond (FCC and HCP) crystal. B, the same measurements in an FCC-stable (κ −1 = 520nm) system. A similar three-stage correlation is observed, but the end point of the 12-neighbor branch is now higher than the end point of the 14-neighbor branch. C-E, a snapshot of the spatial distributions for the solid bond number (ξ), local density (ρ) and the local bond order parameter (q 6 ). The data are taken in a 5µm thick slice at the early crystallization stage. Clearly the density plot has a poor correlation with the other two, indicating that the nucleation events (regions with high ξ and q 6 values) rarely start from the densest regions.
